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We present new results from the widest narrow band survey search for
Lyα emitters at z = 5.7, just after reionization. We survey a total of 7 deg2
spread over the COSMOS, UDS and SA22 fields. We find over 11,000 line-
emitters, out of which 514 are robust Lyα candidates at z = 5.7 within a
volume of 6.3 × 106 Mpc3. Our Lyα emitters span a wide range in Lyα
luminosities, from faint to bright (LLyα ∼ 1042.5−44 erg s−1) and rest-frame
equivalent widths (EW0 ∼ 25 − 1000 A˚) in a single, homogeneous data-set.
By combining all our fields we find that the faint end slope of the z = 5.7
Lyα luminosity function is very steep, with α = −2.3+0.4−0.3. We also present
an updated z = 6.6 Lyα luminosity function, based on comparable volumes
and obtained with the same methods, which we directly compare with that
at z = 5.7. We find a significant decline of the number density of faint
Lyα emitters from z = 5.7 to z = 6.6 (by 0.5 ± 0.1 dex), but no evolution
at the bright end/no evolution in L∗. Faint Lyα emitters at z = 6.6 show
much more extended haloes than those at z = 5.7, suggesting that neutral
Hydrogen plays an important role, increasing the scattering and leading to
observations missing faint Lyα emission within the epoch of reionization. All
together, our results indicate that we are observing patchy reionization which
happens first around the brightest Lyα emitters, allowing the number densi-
ties of those sources to remain unaffected by the increase of neutral Hydrogen
fraction from z ∼ 5 to z ∼ 7.
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Durante as u´ltimas duas de´cadas, o nosso conhecimento sobre o Universo
distante tem evolu´ıdo significativamente, beneficiando da construc¸a˜o de novas
infraestruturas observacionais com sofisticados instrumentos na Terra (e.g.
VLT, ALMA, Keck) e no espac¸o (e.g. HST, Spitzer). Observac¸o˜es directas
do Universo distante sa˜o essenciais para constranger modelos cosmolo´gicos e
simulac¸o˜es computacionais e para obter medic¸o˜es mais precisas de paraˆmetros
cosmolo´gicos.
Actualmente as amostras de gala´xias a altos desvios para o vermelho
(redshift) sa˜o maioritariamente selecionadas pela sua emissa˜o cont´ınua no
ultravioleta (UV). Devido a` t´ıpica estrate´gia de procurar em pequenas a´reas,
a maioria das gala´xias detectadas e´ extremamente te´nue, o que torna estudos
detalhados de gala´xias individuais extremamente desafiantes, sena˜o mesmo
imposs´ıveis com a tecnologia actual. Alternativamente, e´ poss´ıvel procurar
gala´xias atrave´s das suas caracter´ısticas mais brilhantes, as linhas de emissa˜o,
o que permite revelar populac¸o˜es de gala´xias que na˜o seriam detectadas pela
sua emissa˜o no cont´ınuo (e.g. Sobral et al., 2015).
Neste trabalho apresenta-se o maior estudo alguma vez feito para de-
tectar gala´xias a redshift z ∼ 6 utilizando a risca de emissa˜o Lyman-alpha
(Lyα, λ = 1215.67 A˚). Esta risca de emissa˜o e´ desviada para o vis´ıvel para
z > 2, tornando-a observa´vel a partir da Terra (outras importantes riscas
sa˜o absorvidas pela atmosfera terrestre para estes redshifts) o que a torna
extremamente u´til para estudar o Universo distante. Utilizamos a maior a´rea
(e correspondentemente volume) alguma vez utilizada de forma a encontrar
fontes mais luminosas (mais raras) que podem muito mais facilmente ser es-
tudadas em detalhe (e.g. Ouchi et al., 2013; Sobral et al., 2015; Hu et al.,
2016).
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A risca de emissa˜o Lyα esta´ associada a gala´xias jovens, com forte for-
mac¸a˜o estelar e a nu´cleos gala´cticos activos (AGN), sendo intrinsecamente a
risca mais intensa do UV (e.g. Partridge and Peebles, 1967). Devido a` sua
natureza ressonante, e´ facilmente absorvida e dispersada por hidroge´nio neu-
tro e pode ser usada como ferramenta para testar o estado neutro do meio
intergalactico (IGM) durante a e´poca da reionizac¸a˜o (e.g. Dijkstra, 2014).
A emissa˜o desta risca em gala´xias esta´ associada a` presenc¸a de estrelas
extremamente massivas, de classe espectral O e B. Estas estrelas teˆm tem-
pos de vida muito curtos e a sua observac¸a˜o indica que existe ou existiu num
passado muito pro´ximo um episo´dio de formac¸a˜o estelar a ocorrer na gala´xia.
Estas estrelas emitem grandes quantidades de radiac¸a˜o UV altamente ion-
izante que e´ absorvida pelo hidroge´nio em torno das gala´xias e re-emitido
como linhas de recombinac¸a˜o, sendo uma das linhas mais comuns a risca de
emissa˜o Lyα.
Emissa˜o Lyα em AGNs e´ originada devido a acrec¸a˜o a altas temperaturas
em torno de um buraco negro super massivo. Por alargamento de doppler,
riscas de emissa˜o originadas por processos de acrec¸a˜o a alta velocidade sa˜o
largas (Seyfert, 1943).
Para detectarmos fontes com fortes riscas de emissa˜o utilizamos obser-
vac¸o˜es realizadas com filtros de banda estreita (narrow bands) coordenadas
com observac¸o˜es com filtros de banda larga (broad bands) para os mesmos
comprimentos de onda. Os filtros de banda estreita apenas transmitem ra-
diac¸a˜o numa janela de comprimentos de onda muito pequena e os de banda
larga em janelas mais largas. Fontes com forte detecc¸a˜o na banda estreita
relativamente a` sua detecc¸a˜o na banda larga provavelmente teˆm um risca de
emissa˜o nos comprimentos de onda da banda estreita que contribui para este
excesso na detecc¸a˜o. Dois paraˆmetros, Σ e largura equivalente (equivalent
width, EW) sa˜o introduzidos para definir o qua˜o significante e´ o excesso de
uma fonte (e.g. Sobral et al., 2013; Matthee et al., 2015).
Para detectar uma fonte com uma risca espec´ıfica, apenas e´ necessa´rio
determinar o comprimento de onda da risca ao redshift que queremos estudar
e construir um filtro de banda estreita em torno desse comprimento de onda.
A janela de comprimentos de onda traduz-se numa pequena fatia de redshifts
que o filtro consegue analisar, que por sua vez corresponde a um volume.
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Diferentes riscas de emissa˜o a diferentes redshifts teˆm o mesmo compri-
mento de onda observado. Por isso, para identificar uma risca em espec´ıfico
e´ necessa´rio aplicar crite´rios de selecc¸a˜o. Para selecionar emissores Lyα a
alto redshift utiliza-se a posic¸a˜o da Lyman Break (e.g. Steidel et al., 1996),
ou seja, da ”queda” na detecc¸a˜o de radiac¸a˜o para comprimentos de onda
mais energe´ticos que o limite de Lyman a 912 A˚, correspondente a` energia
necessa´ria para ionizar um a´tomo neutro de hidroge´nio.
Utilizamos o filtro NB816 para detectar emissores Lyα a z = 5.7 numa
a´rea total de 7 graus quadrados (volume de ∼ 107 Mpc3) nos campos UDS,
COSMOS e SA22. Escolhemos estes treˆs campos porque sa˜o completa-
mente independentes (prevenindo qualquer influeˆncia de estarmos a observar
a mesma regia˜o do ce´u) e porque esta˜o bastante afastados do plano da gala´xia
(evitando forte emissa˜o estelar e poeira). Depois de aplicarmos os crite´rios
de selecc¸a˜o e de cuidadosamente confirmarmos visualmente todas as fontes,
obtemos uma amostra de 514 emissores Lyα a z = 5.7 e analisamos as suas
propriedades.
Realizamos um estudo da variac¸a˜o do tamanho dos emissores com a lu-
minosidade para z = 5.7 e z = 6.6. Observamos que em me´dia as fontes a
z = 6.6 sa˜o mais extensas, o que e´ consistente com um per´ıodo de reionizac¸a˜o
onde o hidroge´nio ainda neutro dispersa a emissa˜o Lyα em halos, consistente
com e.g. Momose et al. (2014).
Constru´ımos a func¸a˜o de luminosidade de emissores Lyα a z = 5.7, i.e., a
distribuic¸a˜o do nu´mero de fontes por unidade de volume por luminosidade.
Aplicamos uma correcc¸a˜o de completude baseada no fluxo de linha, uma
correcc¸a˜o para corrigir a forma do filtro e uma correcc¸a˜o da abertura para
converter luminosidades e podermos comparar os nossos resultados com os
da literatura.
Obtemos uma func¸a˜o de luminosidade com uma inclinac¸a˜o muito ı´ngreme
de α = −2.3+0.4−0.3. Fixando α = −2.0 medimos L? = 1043.22
+0.08
−0.05 erg s−1 e
Φ? = −3.60+0.12−0.16 Mpc−3. Apresentamos tambe´m resultados actualizados de
emissores Lyα a z = 6.6 de (Matthee et al., 2015).
Estimamos que a variaˆncia co´smica representa um papel extremamente
importante, com o nu´mero de fontes por unidade de volume a variar signi-
ficativamente dentro da nossa cobertura.
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Encontramos evoluc¸a˜o significativa entre z = 5.7 (depois da reionizac¸a˜o)
e z = 6.6 (dentro da reionizac¸a˜o) apenas para as fontes mais te´nues. Parece
na˜o haver evoluc¸a˜o para as fontes mais brilhantes (LLyα > 10
43.5 erg s−1), o
que e´ consistente com as fontes mais luminosas ionizarem as suas pro´prias
bolhas de hidroge´nio, de dimenso˜es suficientemente grandes para a radiac¸a˜o
Lyα escapar.
Os nossos resultados apontam assim para uma e´poca da reionizac¸a˜o pref-
erencial que ocorreu primeiro em torno das fontes mais brilhantes.
Palavras-chave: gala´xias: alto-redshift – gala´xias: func¸a˜o de luminosidade
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1.1 Universe across cosmic time
Our current view of the Universe has been built over the past century through
cosmological models (e.g. Lemaˆıtre, 1927; Guth, 1981; Weinberg, 1989), di-
rect observations of the sky (e.g. Hubble, 1929; Penzias and Wilson, 1965;
Riess et al., 1998; Perlmutter et al., 1999) and, more recently, with computer
simulations (e.g. Klypin and Shandarin, 1983; Springel et al., 2005; Heitmann
et al., 2010).
As we stand, we see the Universe as a dynamical and constantly evolving
system that is homogeneous and isotropic at the largest scales.
1.1.1 Big Bang Cosmology
The turning point which sparked our current understanding of the Universe
was the discovery that galaxies are moving away from us due to the expan-
sion of the Universe. This theory was first proposed by Georges Lemaˆıtre
(Lemaˆıtre, 1927) who applied Einstein’s General Relativity to Cosmology
and realized that a constantly growing Universe would explain the redshift
(increase in wavelength) of emission lines in distant galaxies. Two years later,
Edwin Hubble provided the fist observational evidence of the expansion of
the Universe by accurately deriving distances to galaxies and comparing them
with their receding velocities (Hubble, 1929). Hubble derived a relation of
proportionality between the receding velocity (v) of a galaxy and its distance
(d) to the observer, know as Hubble’s law:
1
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v = H0d (1.1)
Where H0
1 = 67.74± 0.46 km s−1 Mpc−1 is the Hubble constant.
The redshifting effect which had previously been attributed to a simple
Doppler shift caused by the proper movement of galaxies was then interpreted
as the expansion of the space itself, with radiation being stretched and its
wavelength increased. We can express this shift of radiation to redder wave-








Where λem is the wavelength of the radiation emitted by a source and
λobs the observed wavelength.
More recently, the expansion of the Universe has been constrained much
more accurately using Type Ia Supernovae (e.g. Perlmutter et al., 1999;
Kowalski et al., 2008; Amanullah et al., 2010).
A Universe that is expanding must have started somewhere, in some point
in the past. This is the line of thought which lead to the development of the
Big Bang Cosmology, currently embodied by the ΛCDM (“Lambda Cold
Dark Matter”) model.
The ΛCDM model is widely regarded as the “standard model” as it pro-
vides the most accurate description of the formation and evolution of struc-
ture in the Universe and is heavily supported by observational measurements
(e.g. observation of the Cosmic Microwave Background, CMB; Penzias and
Wilson 1965). This model states the energy density of the Universe is di-
vided into three components: the baryonic matter (Ωb = 0.0486 ± 0.0010),
the (cold) dark matter (Ωc = 0.2589±0.0057) and the dark energy, character-
ized by the cosmological constant Λ (ΩΛ = 0.6911± 0.0062). Therefore, the
baryonic matter, which we can directly observe and interact, only accounts
for less than 20% of the matter density parameter Ωm = 0.3089± 0.0062 and
1 Historically, the estimates and uncertanties of cosmological parameters significantly
changed over the past decades as new instruments and techniques were developed. All
the cosmological parameters provided in this section are the latest results from Planck
Collaboration et al. (2015) (table 4, last column; revised in June 2016)
2
Chapter 1. Introduction
Figure 1.1: Universe across cosmic time according to the Big Bang Cos-
mology. Starting with the Big Bang and the Recombination, the CMB was
emitted the the IGM became neutral. As the Universe expanded and cooled
down, first stars and galaxies started forming from primordial density pertur-
bations. The Universe became once again ionized (likely by the first galaxies)
during the EoR and entered the “modern ages”. Galaxies evolved into our
current time, t0, leaving its evolution imprinted in the SFH of the Universe.
Credit: NASA/ESA.
less than 5% of the total energy density of the Universe. This model places
the age of the Universe at t0 = 1/H0 = 13.799± 0.021 Gyr.
1.1.2 Galaxy formation in the early Universe
A simplified timeline of the Universe according to the Big Bang Cosmology
is shown in Figure. 1.1.
Following the Big Bang, the Universe was extremely dense and hot, pre-
venting even electromagnetic radiation from escaping due to the highly fre-
quent Thompson scattering by free electrons. As the Universe expanded and
cooled down, free electrons and protons bounded and formed neutral atoms
of hydrogen in a period of time known as Recombination (Peebles, 1968,
z = 1100, 400 Myrs after the Big Bang). During this time, as a result of
photon decoupling from matter, the CMB was emitted. The CMB is widely
used to study the early Universe (e.g. Spergel et al., 2003; Dunkley et al.,
2009; Komatsu et al., 2009) as it is one of the few direct probes of this epoch.
As the Universe continued to expand, it globally cooled down and pro-
cesses such as the gravitational collapse of gas became possible. The first
structures (such as stars and galaxies) were formed at z ∼ 20 − 50 (e.g.
3
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Tegmark et al., 1997) by gravitational collapse originated by primordial per-
turbations in the early Universe. Dark matter wells would trap gas which
after cooling down would form stars. The seeds for these perturbations were
likely created in a period of rapid expansion right after the Big Bang, the
Inflation (Guth, 1981). These density perturbations are observed as fluctu-
ations in the CMB (e.g. Smoot et al., 1992; Bennett et al., 1996; Spergel
et al., 2007). The presence of dark matter is thought to have been essential
in keeping structures gravitationally bound and, without it, the gravitational
collapse of only baryonic matter would have likely been shut down by feed-
back processes, preventing structures from forming. Even though there is
still no clear evidence of a direct detection of dark matter, its existence seems
necessary for the formation of structures in the early Universe. Recent ob-
servations from the Bullet cluster (1E 0657-56 Markevitch et al., 2002, 2004)
also seem to greatly support its existence.
With the first structures being formed, the Universe transitioned into
a new period, the Epoch of Reionization (EoR). In this period, the Uni-
verse which was neutral after the Recombination was reionized. Results from
Planck, place the EoR at z = 8.8+1.2−1.1, however, this assumes a step-function
instantaneous reionization. Quasar measurements from Fan et al. (2006)
clearly show that reionization is still not complete at z ∼ 6 which points
towards a more lasting EoR which was highly inhomogeneous in space and
time. Theoretical results from e.g. Cen and Haiman (2000) and observations
from e.g. Matthee et al. (2015) and Sobral et al. (2015) support the claim
that the EoR occurs in preferred locations, beginning around strong ionizing
sources which formed Stromgen spheres (spheres of ionized hydrogen) around
them.
It is still uncertain what was responsible for the reionization of the Uni-
verse. It was established that quasars alone could not have provided enough
ionising photos to reionize the Universe (Willott et al., 2010; Glikman et al.,
2011). Robertson et al. (2010) states that galaxies could be responsible for
the reionization if the faint end slope of the LF is steeper than -1.6. Re-
cent studies have constrained the ultraviolet (UV) LF from large samples
of galaxies at z ∼ 6 − 10 (e.g. Oesch et al., 2012, 2014; Finkelstein et al.,
2015; Bouwens et al., 2015) and measured an extremely steep faint end of
4
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approximately −2 which is consistent with the scenario of galaxies ionizing
the Universe with major contribution from the much more abundant faint
galaxies. Alternatively, other studies have suggested that bright sources,
particularly population III fuelled galaxies, could have had a major role in
reionizing the Universe (e.g. Matthee et al., 2015; Sobral et al., 2015).
1.1.3 Star-formation history of the Universe
After the Universe was reionized, the “modern ages” of the Universe began,
with galaxies evolving to their current state. To quantify the evolution of
these galaxies and how active they were throughout cosmic time, we can mea-
sure and compare star-formation rates, i.e, the amount of stars produced per
unit of time in an epoch of the Universe. By integrating the star-formation
rates of galaxies over volumes, we can obtain star-formation densities (e.g.
Sobral et al., 2013).
A galaxy which is actively forming stars leaves several signatures of star-
formation that we can take identify. Extremely massive and bright stars,
such as O and B, have short life spans of a few million years and their
presence indicates that star-formation is happening or has occurred in a very
recent past. These stars emit copious amounts of UV radiation which we can
observe directly or indirectly. The most common star-formation tracers are:
UV radiation that is directly emitted by these stars; emission lines (such as
e.g. Hα and [Oii]), which are emitted as recombination lines after hydrogen
gas around galaxies gets ionized by the highly energetic UV radiation from
these stars; far-infrared emission in the form of thermal emission of heated
dust; radio emission from supernovae explosions when O and B stars reach
the end of their lives.
Using a combination of these tracers, a global picture of the star-formation
history (SFH) of the Universe has emerged. After the formation of the first
galaxies, the number density of galaxies rose steadily with time, resulting in
a steady increase in the star formation density of galaxies until it peaked at
z ∼ 2− 3 (∼ 10 billion years ago). After that, a decline in the formation of
stars has been measured until today. In Figure 1.2 (Khostovan et al., 2015)
we show the star-formation density history of the Universe across cosmic
time. These results were obtained using emission line selected galaxies (in
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Figure 1.2: Evolution of the star-formation rate density across cosmic time
(Khostovan et al., 2015). In this figure the authors present a compilation of
measurements from different selection methods. The highlighted points were
determined from emission line selected galaxies (in this case Hβ+[Oiii] and
[Oii]) using the same technique. This emphasizes the accuracy that can be
achieved from consistently using the same approach (as opposed to compar-
ing completely different samples; greyed out points). Results from different
methods (including UV, IR and radio) seem to agree that galaxies formed
more stars at z ∼ 2 − 3 and the star-formation rate density continuously
decreased both for higher and lower redshifts.
6
Chapter 1. Introduction
this case Hβ+[Oiii] and [Oii]) which are overall consistent with results from
UV, infra-red (IR) and Radio. It should be noted that the highlighted points
from the plot, which were obtained with the same technique, constrain much
more accurately the star-formation density history.
1.2 High redshift searches
Observations of the high-redshift Universe allow us to directly peak at the
first galaxies and stars. These observations provide us with constrains on cos-
mological models and simulations and are essential to get the most accurate
measurements of the cosmological parameters.
During the past two decades, considerable progress has been made in di-
rectly observing the distant/early Universe (see reviews by e.g. Robertson
et al., 2010; Dunlop et al., 2012; Madau and Dickinson, 2014). Currently,
the samples of z > 6 candidates are mostly composed by rest-frame UV se-
lected galaxies obtained from extremely deep surveys with the Hubble Space
Telescope (e.g. Bouwens et al., 2015; Finkelstein et al., 2015). However,
spectroscopy and multi-wavelength follow-up (e.g. with ALMA; Ouchi et al.,
2013; Watson et al., 2015; Capak et al., 2015; Maiolino et al., 2015) of these
sources still remains very limited as most candidates are too faint for a de-
tailed analysis with current instrumentation (see also Dunlop et al., 2016).
Alternatively, emission lines can be used to search for high-redshift galax-
ies to directly select galaxies by their brightest features, including several
rest-frame optical and UV lines (e.g. Ouchi et al., 2008; Sobral et al., 2013;
Khostovan et al., 2015, 2016), allowing for efficient follow-up strategies.
1.3 The Lyman-α emission line
The Lyman-α (Lyα)2 emission line (rest-frame 1215.67 A˚) is a recombination
line associated with both young star-forming galaxies and active galactic
nuclei(AGN)/quasars, being intrinsically the strongest emission line in the
rest-frame optical to UV (e.g. Partridge and Peebles, 1967; Pritchet, 1994).
2see Appendix A for a more detailed explanation of the Lyman series from the hydrogen
atom
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As Lyα is redshifted into optical wavelengths (it can be observed from
the ground at z ≈ 2− 7), many other strong lines are redshifted out of even
the near-infrared (see e.g. Ly et al., 2007, 2011; Hayes et al., 2010; Sobral
et al., 2013), making Lyα one of the only available means of spectroscopic
confirmation, along with other weaker high ionisation UV lines (e.g. Sobral
et al., 2015; Stark et al., 2016).
As detailed in section 1.1.3, massive stars such as O and B are present in
galaxies which are going through star-formation periods. These stars emit
highly energetic UV radiation which gets absorbed by the hydrogen in the
IGM and re-emitted in the form of emission lines, such as Lyα. Lyα is
intrinsically a star-formation tracer (Nilsson et al., 2007) as it is one the
most prominent recombination lines, however, due to its complex resonant
nature and because it gets easily absorbed and scattered, it is extremely
challenging to derive star-formation rates from this line. Combined Hα-Lyα
surveys (Hayes et al., 2011; Matthee et al., 2016b) can shed some light on
what affects the observability of Lyα, such as the escape fraction.
Lyα emission in quasars and AGNs is originated from strong UV emission
from heated accretion disks around massive black holes which can create
Lyα haloes (e.g. Charlot and Fall, 1993; Weidinger et al., 2005). High speed
accretion creates broad emission lines due to Doppler shifts (e.g. Seyfert,
1943).
1.3.1 Lyα as a probe of reionization
Due to its resonant nature, Lyα photons are easily scattered by neutral hy-
drogen (and also easily absorbed by dust; e.g. Hayes et al., 2011). As a
consequence, the observability of Lyα can in principle be used as a probe
of the neutral state of the inter-galactic medium (IGM) during the epoch of
reionization (e.g. Dijkstra, 2014; Pentericci et al., 2014; Schmidt et al., 2016).
However, in order to interpret Lyα observations (such as the distribution of
equivalent widths, the fraction of UV selected galaxies with strong Lyα, or
the evolution of the number density of Lyα emitters) as consequences of
reionization, one needs to accurately understand the contribution from po-
tentially varying intrinsic inter-stellar medium (ISM) properties such as the
Lyα escape fraction (c.f. Matthee et al., 2016b) or selection biases in UV se-
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lected galaxy samples (c.f. Oesch et al., 2015; Zitrin et al., 2015; Stark et al.,
2016).
Therefore, it is important to have a clear understanding of Lyα with only
little influence from the IGM at z ≈ 6, when reionization is close to complete
and the fraction of neutral hydrogen becomes extremely low (Fan et al., 2006;
Becker et al., 2015).
1.3.2 Searches for Lyα emitters
Several approaches have been used to find and study Lyα emitters, including
blind spectroscopy (e.g. Martin and Sawicki, 2004; Stark et al., 2007; Rauch
et al., 2008; Sawicki et al., 2008; Bayliss et al., 2010; Cassata et al., 2011),
narrow band surveys (e.g. Cowie and Hu, 1998; Rhoads et al., 2000, 2003;
Malhotra and Rhoads, 2004; Taniguchi et al., 2005; Shimasaku et al., 2006;
Westra et al., 2006; Iye et al., 2006; Nilsson et al., 2007; Murayama et al.,
2007; Ouchi et al., 2008, 2010; Sobral et al., 2009; Hu et al., 2010; Kashikawa
et al., 2011; Shibuya et al., 2012; Konno et al., 2014; Matthee et al., 2014,
2015) and Integral Field Unit (IFU) observations (e.g. Blanc et al., 2011;
Adams et al., 2011; van Breukelen et al., 2005; Bacon et al., 2015; Karman
et al., 2015).
Blind spectroscopy and IFU surveys can be very efficient at probing ultra-
low luminosity sources at a variety of redshifts, but the current small volumes
probed make them unable to reach even L∗ sources, as the rarer (brighter)
sources have number densities several times smaller that these studies can
reach.
Wide narrow band surveys can be very competitive at efficiently probing
large volumes at specific look-back times, and can be used to study a much
larger luminosity range. For example, one MUSE pointing (e.g. Bacon et al.,
2015) probes a volume of ∼ 103 Mpc3 for z ∼ 3 − 6, while one Subaru
Suprime-Cam pointing with a typical narrow band filter probes a volume
of ∼ 105 Mpc3 (Hyper Suprime-Cam covers a volume ∼ 7 times larger per
pointing). Typically, narrow band surveys have targeted a maximum of ∼
1 deg2 areas, corresponding to maximum volumes of ∼ 106 Mpc3 (e.g. Ouchi
et al., 2008, 2010), but the next generation of surveys are now starting to
probe much larger volumes (e.g. Matthee et al., 2015; Hu et al., 2016).
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1.3.3 Evolution of the Lyα luminosity function
The luminosity function (LF) is one of the most important probes of the
early Universe, consisting on the number density distribution of galaxies as
a function of their luminosity.
Previous studies found that the Lyα LF seems to have little evolution at
z ∼ 3 − 6 (e.g. Ouchi et al., 2008, Figure 1.3, right). In contrast, the UV
LF of Lyman-break galaxies (LBGs) strongly decreases for higher redshifts
(e.g. Bouwens et al., 2015; Finkelstein et al., 2015, Figure 1.3, left). This
difference in evolution is likely explained by an evolving escape fraction of Lyα
photons, likely due to a lower dust content, younger stellar populations, lower
metallicities and/or a combination of related phenomena. This is consistent
with the observation that the fraction of LBGs with strong Lyα emission
increases up to z = 6 (e.g. Stark et al., 2010; Cassata et al., 2015).
At z > 6 the number density of faint Lyα emitters (LAEs) is found to
decline with redshift (Ouchi et al., 2010; Konno et al., 2014), likely due to
reionization not being fully completed. However, by using the largest Lyα
survey at z ∼ 7 (∼ 5 deg2), Matthee et al. (2015) shows that the strong
decrease/evolution in the number density of LAEs happens pre-dominantly
at relative faint Lyα luminosities, while the bright end (with luminosities
LLyα > 10
43 erg s−1) may not evolve at all. Matthee et al. (2015) finds that
bright LAEs at z = 6.6 are much more common than previously thought, with
spectroscopic confirmation presented in Sobral et al. (2015), and with inde-
pendent studies finding consistent results (see e.g. Hu et al., 2016). However,
one strong limitation in interpreting the potential evolution from z = 6.6 to
z = 5.7 is the lack of comparably large ∼ 5− 10 deg2, multiple field surveys
that can both trace a large enough number of bright sources and overcome
cosmic variance. We will be addressing this limitation by providing a com-
parable survey at z ∼ 6.
1.4 This study
In this work, we present the largest Lyα narrow band survey at z = 5.7,
covering a total of ∼ 7 deg2 (∼ 107 Mpc3). Previous studies have never
probed beyond 2 deg2 (e.g. Murayama et al., 2007; Ouchi et al., 2008; Hu
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Chapter 1. Introduction
Figure 1.3: Collection of LFs from UV-selected galaxies (Bouwens et al.,
2015, left) and Lyα-selected galaxies (Ouchi et al., 2008, right). For the UV-
selected LBGs there is a clear drop in the LF for higher redshifts. This can
likely be explained by a decrease in the SFH as we go to higher redshifts (e.g.
Khostovan et al., 2015, Figure 1.2). In contrast, the Lyα LF seems to have
little to no evolution at z ∼ 3− 6. The differences we observe in the Lyα LF
evolution may be explained by an evolving escape fraction of Lyα photons,
associated with the complex nature of Lyα emission.
et al., 2010), and have mostly focused on specific, single fields. Here we take
advantage of previous data and add further ∼ 4 deg2 of unexplored data. We
also re-analyse the z = 6.6 luminosity function presented in Matthee et al.
(2015).
We structure this dissertation as follows: Chapter 2 explains the method-
ology applied in narrow band searches for line-emitters. Chapter 3.1 presents
the observations and data reduction. Chapter 4.1 explains the selection of
line-emitters and Lyα emitters at z = 5.7. In Chapter 5 we present the
method and procedures adopted to construct the z = 5.7 and z = 6.6 Lyα
LFs. We present our results in Chapter 6, including a comparison with pre-
vious surveys. Chapter 7 discusses the results in the context of predicted
effects from reionization. Finally Chapter 8 presents the conclusions of this
dissertation.
Throughout this work, for simplicity and comparability with other stud-
ies, we use a ”737” ΛCDM cosmology with H0 = 70 km s
−1 Mpc−1, ΩM = 0.3
and ΩΛ = 0.7. This is a close estimate to the Planck Collaboration et al.
(2015) measurements provided in section 1.1.
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All magnitudes in this dissertation are presented in the AB system. At




As previously stated, several approaches have been used to probe distant
sources with strong line-emission (e.g. blind spectroscopy, IFU observations
and narrow band surveys). In this chapter we will focus on the methodology
we follow to conduct our narrow band survey to select high-redshift galaxies
with strong Lyα emission.
2.1 Narrow Band Technique
A narrow band survey consists on the imaging of a region of the sky using a
narrow band filter, i.e., a filter that only transmits radiation inside a narrow
window of wavelengths, typically in a small range of ∼ 100 A˚ (broad band
filters cover much larger widths, usually an order of magnitude larger than
narrow bands, e.g. Capak et al., 2007). In Figure 2.1 we show a collection
of narrow band filters currently available in ground-based telescopes such as
the Subaru Telescope, the Isaac Newton Telescope (INT) and the Canada-
France-Hawaii Telescope (CFHT). Narrow band filters are built to probe
ranges of wavelengths with low atmospheric emission from OH molecules,
making ground-based photometry extremely reliable and detected sources
well suitable for detailed follow-up observations (e.g. Ouchi et al., 2013; So-
bral et al., 2015; Hu et al., 2016).
Observations of the sky with a narrow band filter can be used to unveil
specific features of sources such as emission lines. We can identify sources
with strong line-emission by comparing narrow band and broad band detec-
tions at similar wavelengths. Any source with a strong narrow band detection
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Figure 2.1: A summary of the full set of narrow-band filters available for
use in the INT, Subaru and CFHT. All the filters are built in wavelength
windows with no atmospheric emission, making ground-based photometry
extremely reliable. These narrow bands provide a set of redshift slices that
allow us to probe the Universe starting locally and all the way up to z ∼ 9.
Line-emitters are selected by the Hα emission line up to z = 2.2 and with
Lyα for higher redshifts. There is a small window at z = 2.2 where both
lines can be observed, giving the opportunity for Hα-Lyα combined surveys.
relatively to its broad band counterpart likely has an emission line inside the
narrow band coverage which is boosting its detection. For visual reference
we show in Figure 2.3 a fiducial source with a strong emission line (template
from photometric redshift code EAZY, Brammer et al., 2008) with a narrow
band and a broad band placed around its central wavelength. The broad
band, which is much wider than the emission line, gives an estimate on the
continuum emission while the small width of the narrow band filter mostly
probes the emission line.
To exemplify the narrow band selection technique we show in Figure 2.2
three panels of a line-emitter (in this case with strong Hα emission) from
(Sobral et al., 2012). From left to right we present the broad band imaging,
the narrow band imaging and the excess imaging. The excess image is ob-
tained by subtracting the first two images and highlights sources with high
narrow band excess (broad band magnitude minus narrow band magnitude,
BB −NB), i.e. sources with strong emission in the narrow band image rel-
atively to its broad band counterpart. The line-emitters we are searching for
14
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Figure 2.2: Fiducial emission line (created from a template from the pho-
tometric redshift code EAZY, Brammer et al., 2008) with one narrow band
filter and one broad band filter built around its central wavelength. The nar-
row band filter probes mostly the emission line while the broad band gives
an estimate on the continuum emission.
in our survey are thus sources which are bright in the narrow band images
but may not even be detected in the broad bands.
It is important to establish what defines a line-emitter. How high does
the narrow band excess of a source needs to be for it to be classified as a
line-emitter? We need to define parameters that quantify what is the signif-
icance of an excess. These parameters need to be dependent not only on the
measured photometry but also on uncertainties introduced by observations,
such as the background noise of the imaging. So, for the selection of line-
emitters, we apply similar criteria to e.g. Sobral et al. (2013) and Matthee
et al. (2015), relying on two parameters: equivalent width (EW) and Sigma
(Σ).
2.1.1 Σ parameter
To define if a source is a line-emitter, we start by establishing how signif-
icantly above the background noise the narrow band excess of that source
is.
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Figure 2.3: Hα line-emitter Sobral et al. (2012) that illustrates the nar-
row band selection. (From right to left) Broad band image, narrow band
image and excess image. The excess image is obtained by subtracting the
broad band to the narrow band. Sources with high narrow band excess (line-
emitters) become clearly visible.
As a first order approximation, we can consider there is no background
noise in the images and all the counts come from our source. In this simple
scenario, any source which agrees with the follow equation would be consid-
ered a line-emitter:
countsNB − countsBB > 0 (2.1)
Where countsNB and countsBB are the counts in ADUs
1 from the narrow
band and broad band images, respectively.
However, since we cannot neglect the uncertainties introduced by the
background of the images, we need to introduce the parameter Σ (e.g. Bunker
et al., 1995) that assures the excess of the narrow band relative to the broad
band is significantly above the noise. The difference between the counts needs
to be bigger than the root sum square of the background noise from both
images scaled by their significance Σ. Equation 2.1 can thus be generalized
as:
countsNB − countsBB > Σ×
√
rms2NB − rms2BB (2.2)
Where rms is the root-mean-square of the background of the respective
1Analog/Digital Unit, the standard unit of measure for the values in a CCD imaging




image (we measure the rms with randomly placed 2” apertures, further de-
tailed in section 3.2).
We proceed to convert counts into magnitudes:
magnitude = -2.5 log10counts + ZP (2.3)
Where ZP is the zero point of an image - a value that is used to calibrate
magnitudes and corresponds to the magnitude of a source that produces 1
count (per unit of time), which cancels the logarithmic term of the equation.









Where BB and NB are the magnitudes in the broad band and narrow
band images, respectively.
2.1.2 Equivalent Width
An additional parameter is added to define how strong a line is - the equiva-
lent width (EW) (e.g. Bunker et al., 1995). The EW is the ratio between the
flux of an emission line and the continuum flux, meaning that higher narrow
band excess translates into higher EWs. It can be expressed as:
EWobs = ∆λNB
fNB − fBB
fBB − fNB(∆λNB/∆λBB) , (2.5)
Where EWobs is the observed EW, ∆λNB and ∆λBB are the FWHM (full
width at half maximum) of the narrow band and broad band filters and fNB
and fBB are the flux densities measured in the two filters.





Where c is the speed of light, λc is the central wavelength of the filter and
m is the magnitude of the source from the imaging of the same filter.
It should be noted that the observed EW increases with redshift (z), with






The largest Lyα narrow band survey at z = 5.7 Se´rgio Santos
For our high-z line-emitter search, we will thus be selecting sources with
higher observed EWs (the values for the EW selection are discussed in section
4.1).
2.1.3 Redshifted emission lines
As the redshift of a source increases, the entire spectrum is shifted to redder
wavelengths, with some lines moving all the way from rest-frame UV to
observed near-infrared (NIR) (e.g. Lyα at z & 5). This effect plays a major
role on what is detected by the narrow band filter and which line (if any)
falls inside its small coverage.
The observed wavelength (λobs) can be expressed in terms of rest-frame
wavelength (λ0) and the redshift (z) of the source which is emitting the
radiation:
λobs = λ0(1 + z) (2.8)
Narrow band surveys have relied on several different emission lines to
select line-emitters and probe a large range of redshifts. Some of the most
prominent lines are, for example: Hα (λ = 6563 A˚) (e.g. Ly et al., 2007, 2011;
Hayes et al., 2010; Sobral et al., 2013), Hβ (λ = 4861 A˚) in combination with
the dublet [Oiii] (λ = 4959, 5007 A˚) (e.g. Khostovan et al., 2015, 2016), [Oii]
(λ = 3727 A˚) (e.g. Takahashi et al., 2007; Sobral et al., 2012; Hayashi et al.,
2013) and Lyα (λ = 1216 A˚) (e.g. Murayama et al., 2007; Ouchi et al., 2008;
Hu et al., 2010). From ground-based telescopes, Hα can be observed at z . 2,
Hβ+[Oiii] at z . 3, [Oii] at z ∼ 1− 5 and Lyα at z ∼ 2− 7. Lyα is the only
strong emission line we can use to study z ∼ 5− 7, aside from much weaker
high ionising UV lines like Ciii] (λ = 1907, 1909 A˚) (e.g. Stark et al., 2016)
and Heii (λ = 1640 A˚) (e.g. Sobral et al., 2015).
At z ∼ 5− 7, Lyα gets redshifted into ∼ 9000 A˚ (NIR). Custom narrow
band filters were built to select LAEs around this redshift range: NB816
(λc = 8150 A˚), NB912 (λc = 9140 A˚) and NB921 (λc = 9210 A˚). Each filter,
due to its small window of coverage, detects Lyα emission from galaxies in a
narrow redshift slice, corresponding (for these three filters) to approximately
z ∼ 5.65 − 5.75, z ∼ 6.45 − 6.55 and z ∼ 6.52 − 6.62, respectively. The
small redshift slices translate into small commoving volumes per unit of area
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observed. However, the large areas typically probed by narrow band surveys
(∼ 1 deg2) translate into large volumes (∼ 106 Mpc3) which greatly surpass
most high-z surveys (e.g. MUSE searches for z ∼ 3 − 6 LAEs in an area
of 1 arcmin2 and a volume of ∼ 103 Mpc3 per pointing; HST WFC3 has a
small field-of-view (FOV) of ∼ 5 arcmin2). Narrow band surveys are clearly
more efficient at probing large volumes. Hundreds of pointings would be
required to make other approaches competitive in terms of volume versus
already existent narrow band surveys.
Selecting a sample of galaxies in small redshift slices allows us to very
accurately study specific time scales. When used in combination with other
narrow band surveys at different redshift slices, it provides a well defined view
on how properties (e.g. star formation rate) change within each population
and establish how they evolve across cosmic time. The comparison between
samples becomes easier as all sources are selected on wavelengths free of OH
atmospheric lines (a significant portion of the z ∼ 3 − 6 volume in MUSE
searches is lost due to atmospheric emission).
Due to the redshifting effect, different emission lines have the same ob-
served wavelength at different redshifts. One narrow band can detect several
lines, each at a specific redshift window. For example, the narrow band
NB921 (shown in Figure 2.3), centered at 9210 A˚ is sensible not only to
Lyα emission at z = 6.6 but also to Hα at z = 0.40, Hβ+[Oiii] at z = 0.83
and [Oii] at z = 1.46. The narrow band selection technique selects sources
with strong line-emission inside the narrow band coverage, however, it does
not distinguish which line is causing the excess in the narrow band photom-
etry. Additional techniques are thus required to identify the redshift of the
different populations of line-emitters (detailed discussion in section 2.2).
2.1.4 Width and shape of narrow band filters
As previously stated, typical narrow band filters have FWHM of ∼ 100 A˚.
Some filters are slightly broader or narrower. For example, the narrow-band
filter NB392 (λc = 3918 A˚; sensitive to Lyα emission at z = 2.22) has a
FWHM of 52 A˚ while medium-bands from e.g. SHARDS (Survey for High-z
Absorption Red and Dead Sources, Pe´rez-Gonza´lez et al., 2013) have typical
FWHM of ∼ 170 A˚. The narrower a filter the deeper it can observe as less sky
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background is measured and we get a better S/N ratio for our line-emitters.
However, we do this at the cost of probing less volume as a smaller redshift
slice translates into smaller commoving volumes. Broader filters will thus
probe larger volumes for the same area but will be less deep as they detect
much more continuum emission from the line-emitter as well as much more
sky background.
A compromise between measured S/N and probed volume is thus taken
when defining the width of a narrow band filter.
It is important to note that the transmission of a narrow band filter is not
top-hat and changes with wavelength. The filters typically have a gaussian-
like shape (e.g. 2.2) which means the filter transmission is lower in the borders
and emission lines will be detected at a fraction of their flux unless they are
centered with the filter. An example of a source detected at a fraction of
its flux is the spectroscopically confirmed z = 6.604 galaxy CR7 (COSMOS
redshift 7 Matthee et al., 2015; Sobral et al., 2015) which is only detected at
∼ 50% transmission by the narrow band NB921, i.e., NB921 only captures
∼ 50% of the observed Lyα flux. We apply a correction when constructing
our luminosity function in section 5.2 so that we don’t underestimated the
luminosities of our sample.
2.1.5 Overview
In order to identify populations of line-emitters with the narrow band selec-
tion technique, we simply need to coordinate narrow band and broad band
observations at similar wavelengths. As it only requires imaging observations
with two filters, narrow band surveys are extremely efficient at probing large
regions of the sky without consuming much telescope time. Observations
can be conducted by telescopes/instruments with large FOV such as, for ex-
ample, the VISTA (Visible and Infrared Survey Telescope for Astronomy)
VIRCAM (VISTA InfraRed CAMera), the Suprime-Cam (Subaru Prime Fo-
cus Camera) which was recently replaced by the Hyper Suprime-Cam in
the Subaru Telescope or the smaller 2.5 meter INT using the WFC (Wide
Field Camera). In this study, we use observations with the narrow band filter
NB816 (Subaru/Suprime-cam) and the broad band filter i (Subaru/Suprime-
cam and CFHT/MegaCam) (see Figure 3.1 for the profiles of these two filters;
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further information about the observations is presented in section 3.1). These
two filters allow us to select z = 5.7 LAEs.
The small redshift slices probed by the narrow bands translate into small
commoving volumes per unit of area, however, the wide areas observed by
the wide field cameras allow us to surpass most broad band surveys in terms
of probed volume.
Selecting sources by their high narrow band excess is selecting sources by
their brightest features in a way that optimizes the S/N ratio of the lines (re-
duced background emission due to the narrow transmission window). Emis-
sion lines can be several times brighter than continuum emission and even
extremely deep broad band surveys may completely miss them as they probe
the much fainter continuum. An example of this selection is the spectro-
scopically confirmed z = 6.541 galaxy MASOSA2 (Matthee et al., 2015; So-
bral et al., 2015) which has a booming detection in the narrow band NB921
(mag=23.84) but is completely undetected by all broad bands except for an
extremely faint detection (mag=26.28) in the broad band z’ (likely explained
by the continuum photometry being boosted by the Lyα emission line) (we
show the thumbnails of this source in Figure 2.5). The photometry of this
source also provides some extremely interesting implications: strong LAEs
are not necessarily UV bright galaxies. This implies that results from typical
UV searches may not hold for our Lyα selected sample of galaxies.
One of the main concerns with the narrow band technique that should be
carefully tackled is that fake sources such as cosmic rays and spurious sources
from dithering patterns detected in the narrow band can be easily mistaken
as line-emitters (moving sources can also lead to false positives; further dis-
cussed in section 5.5). These fake sources will have strong narrow band
excess as they will be detected in the narrow band imaging but will have no
detection in the corresponding broad band. Most of these wrongly classified
line-emitters should be removed through stacking off several dithered frames
as fake emitters will not be detected in the same position in every frame. We
apply further criteria to ensure the authenticity of a source, based on their
narrow band excess (section 3.4.2), measurement of the standard deviation
2the nickname MASOSA consists of the initials of the first three authors: Matthee,
Sobral and Santos
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to remove cosmic rays (section 3.4.3) and through careful visual checks.
As a narrow band survey can be sensible to several different emission
lines at different redshifts, narrow band surveys require additional follow-up
techniques in order to isolate samples from each line. We will be discussing
those selection procedures in the following section.
2.2 Lyman Break Technique
In this section we present the Lyman Break Technique (Steidel et al., 1996)
as a method to select high-z galaxies by using the position of the Lyman
limit3 break at rest-frame 912 A˚ in combination with the Gunn–Peterson
trough effect to establish the redshift of a source.
Radiation more energetic than the Lyman limit gets easily absorbed and
scattered by the neutral hydrogen around galaxies (and is usually re-emitted
as recombination lines). A significant break can be seen in the spectra of
galaxies as radiation blueward of rest-frame 912 A˚ does not reach the observer
but redder radiation does. The position of this break indicates the redshift
of the source, as seen by the spectral energy distribution (SED) of z ∼ 6
quasars in Figure 2.4 (Fan et al., 2006).
2.2.1 Gunn–Peterson trough
An extension of the mentioned break from the Lyman limit to the Lyα line
for z & 6 was proposed by Gunn and Peterson (1965) and first observed by
Becker et al. (2001). Neutral hydrogen absorbs radiation blueward of the Lyα
line 1216 A˚. Radiation which passes through patches of neutral hydrogen will
have a break at 1216 A˚ (rest-frame of the patch). As radiation is redshifted
this will create several drops between 912 A˚ and 1216 A˚, known as the Lyman
forest. If reionization is still not completed around a source all the radiation
blueward of Lyα will be entirely absorbed/scattered by the neutral hydrogen.
With the two effects combined we expect no rest-frame UV (observed opti-
cal) detections. As an example, we show thumbnails of two Lyα-selected spec-




Figure 2.4: Spectral energy distribution of 19 z ∼ 6 quasars from (Fan et al.,
2006). The position of the Lyman break indicates the redshift of the source.
For the lower redshift quasars a more accentuated Lyman forest is visible,
which clearly disappears for the higher redshift sources.
troscopically confirmed z = 6.6 sources which demonstrate this behaviour in
Figure 2.5.
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Figure 2.5: Thumbnails from two z = 6.6 spectroscopically confirmed galax-
ies: CR7 (top) and MASOSA (bottom) (Sobral et al., 2015). From left to
right we show the BVI optical stack (sources not detected), the broad band
z, the narrow band NB921 (which is contained inside z), the NIR bands Y






We have reduced and analyzed raw archival NB816 data in the COSMOS,
UDS and SA22 fields. We use these three fields as they are completely
independent (preventing any possible bias from probing the same region of
the sky) and far enough from the galactic plane (avoiding bright foreground
stars and dust). Additionally, the available deep multi-wavelength coverage
(including optical and near infra-red) allows a robust selection of candidates
and identification of any lower redshift interlopers.
The NB816 filter has a central wavelength of 8150 A˚ and a full width at
half maximum (FWHM) of 120 A˚. NB816 is contained within the red wing of
the broad band filter i (see Figure 3.1). All NB816 data were collected with
the Suprime-Cam instrument from the Subaru Telescope (Miyazaki et al.,
2002). Suprime-Cam has ten 2048x4096 CCDs arranged in a 5×2 pattern,
with a corresponding field of view of ∼ 0.25 deg2. We use a total of 30 of
these pointings. Suprime-cam images have a pixel scale of 0.20′′ pix−1.
We retrieved all publicly available raw NB816 data for the UDS and SA22
fields from the SMOKA Archive1. Fully reduced COSMOS NB816 images
(original PSF) were retrieved from the COSMOS Archive2 (Taniguchi et al.,
2007; Capak et al., 2007).
We split SA22 data into two different sub-fields (SA22-deep and SA22-
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Table 3.1: Our NB816 data in the COSMOS, UDS and SA22 fields. The
SA22 field was separated into two sub-fields, deep and wide, according to
its significantly different NB816 depth. R.A. and Dec. are the central co-
ordinates of the fields. FWHM is the average value for the seeing and is
similar across our entire coverage. The NB816 depth is the 2σ depth mea-
sured in 2′′ apertures. Note that the quoted area already takes into account
the removed/masked regions which are not used in this dissertation.
Field R.A. Dec. Area FWHM NB816 depth
(J2000) (J2000) (deg2) (′′) (2σ, 2′′)
COSMOS 10 00 00 +02 10 00 2.00 0.7 26.2
UDS 02 18 00 −05 00 00 0.85 0.7 26.1
SA22-deep 22 18 00 +00 20 00 0.55 0.7 26.1
SA22-wide 22 15 00 +00 50 00 3.60 0.5 25.0
SA22-wide contains the largest area (larger than COSMOS and UDS com-
bined). Narrow band observations are summarized in Table 3.1.
Previous studies have separately used NB816 data in COSMOS (Mu-
rayama et al., 2007), UDS/SXDF (Ouchi et al., 2008) and SA22-deep (∼ 0.4
deg2; Hu et al., 2010). We note that while we explore new data and provide
the largest survey of its kind, we are able to reproduce individual results from
the literature using our own analysis. A comparison between our findings and
previous studies is presented in Section 5.
3.2 Data reduction
We used the Subaru data reduction pipelines (sfred and sfred2; Ouchi
et al., 2004) to reduce the NB816 data. The data reduction follows the same
procedure as detailed in e.g. Matthee et al. (2015) and we refer the reader
to that study for more details. Briefly, the reduction steps include: overscan
and bias subtraction, flat fielding, point spread function homogenisation, sky
background subtraction and bad pixel masking. After these steps, we apply
an astrometric calibration using scamp (Bertin, 2006) to correct astrometric
distortions. The software matches our images with the 2MASS catalog in the
J band (Skrutskie et al., 2006) and fits polynomial functions that correct for
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Figure 3.1: Normalised filter profiles of the NB816 and the i band filters used
in this study. We note that the shown i band is for Subaru’s Suprime-Cam
after the upgrade to red sensitive CCDs, such that its peak is slightly shifted
towards the red compared to the CFHT MegaCam i band used for SA22. Our
NB correction in Section 3.4.1 takes this into account. NB816 is contained
slightly red from the center of i. The NB816 filter is located in a wavelength
region free of strong atmospheric OH lines.
27
The largest Lyα narrow band survey at z = 5.7 Se´rgio Santos
Table 3.2: Multi-wavelength depths (2σ; measured in 2′′ empty apertures)
for the available broad-band filters across all three fields.
Field Broad band filters Broad band depth (2σ, 2′′)
COSMOS BV grizY JHK 27.6, 27.0, 27.1, 27.0, 26.6, 25.7, 25.3, 24.6, 25.0, 24.7
UDS BV rizJK 27.5, 27.2, 27.0, 26.8, 27.0, 25.3, 24.8
SA22 ugrizJK 26.2, 26.5, 25.9, 25.6, 24.5, 24.3, 23.8
any distortions along the CCD.
We calibrated the photometry in our data by matching relatively bright,
un-saturated stars and galaxies to public catalogues for COSMOS (Laigle
et al., 2016), UDS (Cirasuolo et al., 2007) and SA22 (Sobral et al., 2013,
2015; Matthee et al., 2014) using stilts (Taylor, 2006). NB816 images were
calibrated using i band photometry, but a further correction to this calibra-
tion was applied in Section 3.4.1. Co-added stacks of NB816 exposures were
obtained using the swarp software (Bertin et al., 2002).
We masked low quality regions, bright haloes around bright stars, diffrac-
tion patterns and low S/N regions due to dithering strategy (particularly
important in SA22-wide). We also removed regions with low quality or ab-
sent i band coverage, regardless of the quality of the narrow band.
We note that our masking is very conservative and, consequently, a rela-
tively large area is removed from our study (hundreds of arcmin2), but that
is still only a small fraction of our total area. After masking low quality
regions, our NB816 coverage contains a total area of 7 deg2 (Figure 3.2), cor-
responding to a comoving volume of 6.3 × 106 Mpc3 at z = 5.7. All areas
and volumes used and mentioned in this dissertation take into account these
masks, unless stated otherwise.
Finally, we measure the depth of our images using randomly placed 2′′
apertures. In each image, we place 200,000 empty apertures in random posi-























































Figure 3.2: The spatial distribution of sources in the COSMOS, UDS and
SA22 fields. Grey dots indicate all detections and red circles identify our z =
5.7 Lyα emitter candidates. A black line contour identifies SA22-deep, the
deepest region in the SA22 field. The figure also highlights the regions masked
due to bright stars, bad regions and/or low S/N due to dither strategy. It can
be seen that UDS, COSMOS and SA22-deep are the deepest regions with a
high concentration of sources and candidate LAEs.
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3.3 Multi-wavelength imaging
A large collection of multi-wavelength data are publicly available for our
entire coverage. For the COSMOS field, we use optical BVgriz data taken
with the Subaru/SuprimeCam (Taniguchi et al., 2007; Capak et al., 2007),
retrieved from the COSMOS Archive and NIR YHJK data from UltraVISTA
DR2 (McCracken et al., 2012), taken with VISTA/VIRCAM. For the UDS
field, we use optical BVriz data from SXDF (Furusawa et al., 2008) and NIR
JHK data from UKIDSS (Lawrence et al., 2007). For the SA22 field we use
optical ugriz data from CFHTLS3, taken with the MegaCam (Boulade et al.,
2003) and NIR JK data from UKIDSS DXS (Warren et al., 2007), taken
with UKIRT/WFCAM (Casali et al., 2007). All data which were not taken
with the Subaru/SuprimeCam were degraded to a pixel scale of 0.20′′ pix−1
using swarp. A summary of the available filters for each field and their
photometric depth is shown in Table 3.2.
3.4 NB816 catalogue
The extraction of sources was conducted using SExtractor (Bertin and
Arnouts, 1996) in dual extraction mode, using NB816 as the detection im-
age. We used a detection threshold of 1.5 (scaling factor to the background
RMS), an analysis threshold of 1.5 (in surface brightness, relative to the back-
ground rms), a minimum of four pixels above threshold triggering detection,
subtraction of the internal, automatically interpolated background-map, a
magnitude zeropoint of 30 (set by calibration), gaussian filter (5 × 5 convo-
lution mask of a gaussian PSF with FWHM = 2.0 pixels) and a pixel scale
of 0.20′′ pix−1.
3.4.1 Narrow band magnitude correction
The NB816 filter is located slightly to the red of the Subaru Suprime-cam i
filter (with red sensitive CCDs) with a separation of ≈ 180 A˚ between the
center of the two filters. Calibrating the narrow band magnitude directly to




with strong colours. We correct the narrow band magnitudes by summing a
small correction factor which is estimated from the color of the two adjacent
broad bands, i and z. To compute this correction, we use sources with i,
z and NB816 magnitudes between 19 and 24 (not saturated and with high
enough S/N). The correction has the following expression:
NBcorrected = NB + 0.4× (i− z), (3.1)
where NB, i and z are the 2′′ magnitudes in the respective bands and
NBcorrected is the corrected NB816 magnitude. We apply this correction
to sources with i and z detections. For the remaining sources, we apply a
median correction of +0.20. As a result of this correction, there is less scat-
ter in the excess diagram (Figure 4.1). The correction also corrects for the
fact that the CFHT MegaCam i band is slightly bluer than Suprime-cam’s
i band, because this slightly different i band will result in slightly different
i− z colours.
Our narrow band correction is an alternative to the correction applied in
Murayama et al. (2007) who used a corrected broad band obtained from an
iz interpolation. Our narrow band correction corresponds to a BBcorrected =
0.6i+ 0.4z which is fully consistent with their interpolation.
3.4.2 Removal of sources with non-physical narrow band
detection
The wavelengths covered by NB816 are contained inside the i band coverage.
This means that sources with NB816 detection should be detected in i as long
as the i image is deep enough. For each source we compute the expected i
magnitude if it only had emission inside NB816. If the measured i magnitude
of a source is fainter than this value and the depth of the i image is sufficient
to detect it, we remove it from our sample. This step mainly removes variable
sources (such as supernovae and moving sources) and spurious sources that
are detected only in the narrow band images and sources with boosted narrow
band emission from e.g. diffraction patterns.
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3.4.3 Cosmic ray removal
Cosmic rays may become artefacts in images. This problem can be avoided
through stacking of several frames. However, in our shallower SA22-wide
data, the small number of frames causes a less efficient removal of such arte-
facts during stacking. We created an automated procedure to identify and
remove cosmic rays from our sample.
For each source detected in the NB816 imaging we measure the standard
deviation in boxes of 5 × 5 pixels around each source. Cosmic rays can be
easily identified by their high standard deviation, several times higher than
any real source. We apply a cautious cut to make sure we do not lose any real
sources. Since we were cautious with this step, we also visually inspect all




4.1 Selecting NB816 line-emitters
For the selection of line-emitters, we apply similar criteria to e.g. Sobral et al.
(2013) and Matthee et al. (2015), relying on two parameters: equivalent width
(EW) and Sigma (Σ). These parameters are explained in detail in section
2.1.
To select our sample of line-emitters, we apply the following selection
criteria:
• i−NB816 > 0.8
• Σ > 3
The narrow band excess criteria i−NB816 > 0.8 corresponds to a rest-
frame EW of 25 A˚ for a z = 5.7 LAE. This cut is similar to the one used
by Hu et al. (2010) and Matthee et al. (2015) for z = 6.6 but slightly lower
than e.g. Ouchi et al. (2008) (i−NB816 > 1.2) and Taniguchi et al. (2005)
(i−NB816 > 1).
We present the narrow band excess diagram in Figure 4.1, highlighting our
sample of line-emitters. With our selection criteria we identify over 11,000
candidate line-emitters.
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Figure 4.1: Narrow band excess diagram for COSMOS, UDS and SA22. We
plot narrow band excess (i broad band magnitude minus NB816 magnitude)
versus narrow band NB816 magnitude. Grey points represent all detections
after masking, removal of sources with non-physical narrow band and cosmic
rays. Green points represent line-emitters, obtained by applying the EW and
Σ cuts described in Section 4.1. For visual reference, we collapsed the points
with no i detection in the top region of the plots. The Σ line shown in this
figure is the median value from small sub-fields which we created inside each
field.
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4.2 Photometric and spectroscopic redshifts
In order to explore the nature of the line-emitters, we have used accurate pho-
tometric redshifts and a large compilation of spectroscopic redshifts: Laigle
et al. (2016) for COSMOS, Cirasuolo et al. (2007) for UDS and a combi-
nation of Kim et al. (2015), Matthee et al. (2014) and Sobral et al. (2015)
for SA22. We retrieve ∼ 5000 emitters with either available photometric or
spectroscopic redshift. Figure 4.2 presents the distribution of photometric
redshifts of our sample of line-emitters. Even though our high EW cut is
tuned to select Lyα emitters at z = 5.7, our initial sample of line-emitters
reveals a range of strong line-emitters. The peaks in the photometric red-
shifts are consistent with Hα at z ∼ 0.2, [Oiii] at ∼ 0.6, [Oii] at z ∼ 1.2 and
Lyα at z = 5.7. From our spectroscopic redshift, we find a total of 46 Lyα
emitters at z = 5.7.
As expected, our sample is dominated by lower redshift line-emitters,
mostly composed by sources up to z ∼ 1.2. In order to isolate LAEs at
z= 5.7 from our sample we require additional selection criteria, which we will
explore in Section 4.3.
4.3 Selection of LAEs at z = 5.7
In order to select Lyα emitters and remove low redshift interlopers, we use
the Lyman break technique (detailed in section 2.2) and identify the break
at rest frame 912 A˚, blue-ward of the Lyman limit (although, in practice,
at z = 5.7, radiation blue-ward of Lyα is almost fully absorbed by the Lyα
forest; e.g. Madau 1995). LAEs at z = 5.7 should have no strong detection
in optical wavelengths below the i band. A weak r band detection is possible
if the IGM is relatively transparent (and there are few Lyα forest lines). To
summarise, we apply the following criteria, similar to Ouchi et al. (2008):
B > B2σ ∧ V > V2σ ∧ [r > r2σ ∨ (r < r2σ ∧ r − i > 1.0)] (4.1)
Where B, V , r and i are the 2′′ magnitudes in the respective bands and
the 2σ subscript indicates the 2σ depth for the images of the respective bands
(see Table 3.2). As there are no available BV data over the full SA22, we
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Figure 4.2: Distribution of photometric redshifts of line-emitters selected in
COSMOS, UDS and SA22 by using a simple selection criteria of i−NB186 >
0.25 and Σ > 3. The peaks are consistent with line-emission at specific wave-
lengths. Annotations indicate the redshifts where we expect major emission
lines (Hα at z ∼ 0.2, [Oiii] at ∼ 0.6, [Oii] at z ∼ 1.2 and Lyα at z = 5.7).
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apply a small variation of Equation 4.1 where we use ug instead:
u > u2σ ∧ g > g2σ ∧ [r > r2σ ∨ (r < r2σ ∧ r − i > 1.0)] (4.2)
Where u, g are the 2′′ magnitudes in the respective bands. This criteria
ensures we select sources with no detection in the BV ug bands but can have
some detection in r as long as there is a strong i− r color break.
In extreme cases, z ∼ 1 line-emitters with a strong Balmer-break could
mimic the Lyman-break that we detect. Fortunately, those sources can be
identified by their red colors. Similar to Matthee et al. (2015) we reject
sources which have significant red colors in the observed NIR bands. Thus,
we consider sources with J −K > 0.5 to be interlopers. This additional NIR
criterion is most important in SA22, where the optical data are relatively
shallow.
In order to ensure that our candidates are real detections and not spurious
sources, we visually inspect each one of the remaining candidates. We first
inspect sources in the narrow band images and reject any fake detections
(usually originated by e.g. diffraction patterns from bright sources which
were not completely masked). We also visually check that each source does
not have an optical detection blue-ward of the Lyman-break. To do so, we
create an optical stack using the available optical bands for each field (BVg
for COSMOS, BV for UDS and ug for SA22), which significantly increases
the depth of our images.
To summarise, we select line-emitters as Lyα at z = 5.7 if:
• They have no optical detection blue-ward of the Lyman-break (Equa-
tion 4.1 or 4.2).
• They satisfy J −K < 0.5, if detected in the NIR.
• They pass visual inspection, which includes both reality of NB excess
(and checking for variability and/or moving sources) and no detection
in optical bands.
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4.4 Comparison with other samples of Lyα
emitters at z = 5.7
We compare our sample of LAEs with the spectroscopically confirmed sources
at z = 5.7 provided by Ouchi et al. (2008) (UDS), Hu et al. (2010) (SA22-
deep) and Mallery et al. (2012) (COSMOS). We find that we recover 46
spectroscopically confirmed sources from previous studies which are above
our conservative Σ detection threshold (other studies typically only apply an
EW cut) and that are not in our conservative masked regions.
4.5 Final sample of Lyα emitters at z = 5.7
Across the COSMOS, UDS and SA22 fields we identify a total of 514 z = 5.7
LAE candidates (currently 46 are spectroscopically confirmed), spanning a
range of Lyα luminosities of 1042.5− 1044 erg s−1. We will explore the proper-
ties of these sources in the following sections. Table 4.1 shows a summary of
the number of sources after each selection criterion. The spatial distribution
of the LAEs in all fields can be seen in Figure 3.2.
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Table 4.1: Number of candidates after each selection step. The visual inspec-
tions step includes individually checking each source first in both the narrow
band NB816 and the broad band i images and then for no detection in the
deep optical stacks (BV for UDS, BV g for COSMOS and ug for SA22). Note
that due to the shallower broad band data in SA22, a large amount of sources
passed the initial filtering, but are rejected with the much deeper ug stacks
and our visual checks.
COSMOS # sources
Σ > 3, EW0 > 25 A˚ 2576
No optical detection 396
After visual inspections 192
UDS
Σ > 3, EW0 > 25 981
No optical detection 239
After visual inspections 178
SA22-wide
Σ > 3, EW0 > 25 4692
No optical detection 1264
After visual inspections 56
SA22-deep
Σ > 3, EW0 > 25 2803
No optical detection 541
After visual inspections 88




Computing the Lyα Luminosity
Function
In this chapter we compute the Lyα LF, i.e., the distribution of the number
density of sources as a function of their Lyα luminosity. We apply corrections
to the LF which we explore in the following sections.




Where DL = 54363 Mpc is the luminosity distance at z = 5.7, fLyα is the
Lyα line-flux obtained with 2” apertures and LLyα is the Lyα luminosity.






Where ∆λNB and ∆λBB are the FWHM of the narrow band and broad
band filters (∆λNB816 =120 A˚; ∆λi =1349 A˚) and fNB and fBB are the flux
densities measured in the two filters.
5.1 Completeness correction
Faint sources and sources with weak emission lines may be missed by our
selection criteria, causing the measured number density of sources to be un-
derestimated. To estimate the line-flux completeness we follow Sobral et al.
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(2013), adapted for Lyα studies by Matthee et al. (2015): we construct a sam-
ple of high-redshift non line-emitters selected through a simple color break
selection (r−i > 1.5) and add non-emitters with photometric or spectroscopic
redshift higher than 4. Using these sources, in steps of increasing line-flux,
we artificially increase their NB816 and i band fluxes and then apply our
selection criteria on these simulated sources. By determining the fraction
that we retrieve as a function of added line-flux, we obtain a completeness
estimation for each luminosity bin, which we apply to each bin in our LF.
A higher completeness correction is measured for the fainter sources as they
are much easier to be missed. The completeness corrected number counts in
the different observed fields as a function of their Lyα luminosity are shown
in Figure 6.1 and in Table 6.2.
5.2 Filter profile correction
The narrow band filter transmission NB816 has a gaussian distribution with
a lower transmission in the wings (Figure 3.1). Sources which have a redshift
in the borders of the filter will only be observed at a fraction of their Lyα
luminosity (see e.g. Hu et al., 2010). It is necessary to apply a correction
factor that compensates the fact that the filter is not top-hat, otherwise, the
number densities of bright LAEs will be systematically underestimated. We
apply a correction similar to Matthee et al. (2015). We use the Schechter
fit from our data to generate the Lyα luminosity of 1 million sources at a
random redshift between z = 5.65 and z = 5.75 (corresponding to the edges
of NB816). For each luminosity bin, the correction factor is determined from
the detection ratio of these fake sources retrieved with the two different filter
profiles. The effect of the filter profile correction of our LF is shown in Figure
6.2. The correction is higher for the brightest bins as these LAEs will likely be
observed at a fraction of their luminosity due to the filter not being top-hat.
5.3 Aperture corrections
Due to instrumental/observational effects (e.g. seeing/PSF) and mostly due
to Lyα photons easily scattering within haloes, Lyα flux can be significantly
extended (e.g. Momose et al., 2014; Wisotzki et al., 2016; Matthee et al.,
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2016b; Borisova et al., 2016). The 2′′ apertures we use are 3− 4× the PSF,
and thus for point-like sources we do not expect aperture corrections to be
important, but if sources are physically extended, 2′′ apertures may lead to
missing flux. We investigate this by comparing the NB816 fluxes measured in
2′′ with those measured with mag-auto and study any necessary correction
as a function of observed 2′′ flux. We find little to no dependence up to
at least the highest fluxes, and derive a median correction of +0.02 in Lyα
luminosity, which we apply (see further discussion in Section 6.3).
5.4 Interloper correction
While in COSMOS and UDS the available broad-band data allows to clearly
identify and remove interlopers/lower redshift line-emitters, in SA22 this is
not necessarily the case, particularly for the sources with the faintest con-
tinuum. In order to mitigate this, we use our combined COSMOS and UDS
with full information, but study the dataset assuming the depths of broad-
band imaging were the same as SA22-deep and SA22-wide. We find that, as
expected, the contamination is higher (10% higher) for SA22-like data-sets.
We therefore correct all our luminosity bins in SA22 for this expected extra
contamination.
5.5 Obtaining a comparison LF at z = 6.6
In order to compare our results at z = 5.7, we explore the results and
sample presented by Matthee et al. (2015) and apply any necessary correc-
tions/modifications to derive a new, updated z = 6.6 LF. We use the same
methods for completeness and filter profile corrections. We compute the er-
rors per bin by not only taking into account the Poissonian errors, but also
by considering systematic errors due to the completeness and filter profile
corrections. Furthermore, following our selection criteria, we also carefully
check for any variable sources and/or moving sources which can contaminate
the bright end. Matthee et al. (2015) applied a statistical correction for these
potential contaminants, but we chose to investigate sources one by one, fol-
lowing what we do at z = 5.7. We note that such statistical correction works
very well for COSMOS and UDS, but is a slight underestimation for SA22,
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as the number of moving sources in SA22 is significantly higher. Nonetheless,
we find that none of the results of Matthee et al. (2015), which are based
spectroscopic follow-up (Sobral et al., 2015) are significantly changed. We
note that we also apply an aperture correction to the z = 6.6 LF of +0.11,
unchanged from Matthee et al. (2015).
5.6 Filter profile corrections and LFs
Figure 6.2 shows the effect of our filter profile corrections. We show the
completeness corrected number densities of LAEs in bins of Lyα luminosity
for individual fields at z = 5.7 (Table 6.1) and for the combined coverage at
z = 5.7 and z = 6.6 (Table 6.2).
5.7 Schechter Function
The Schechter function (Schechter, 1976) is a common parametrization of the
LF which consists of a power-law at faint luminosities and an exponential
drop at bright luminosities. It is defined by three parameters: the power-law
slope α, the characteristic number density φ? and the characteristic luminos-
ity L?. It has the expression:




6.1 The z = 5.7 Lyα luminosity function
6.1.1 Field to field variations
We group our LAEs in luminosity bins according to their Lyα luminosity. The
observed number density in each bin is corrected for its corresponding line-
flux completeness correction. We only include sources from sub-fields with a
completeness higher than 25%. The number density for each luminosity bin
is calculated by multiplying the number of counts by the completeness factor,
divided by the probed volume and bin width. The errors are Poissonian, but
we add 30% of the completeness correction in quadrature to obtain the final
error per bin.
In Figure 6.1 we show the z = 5.7 Lyα luminosity computed per field. We
find that there is significant scatter, of the order of ±0.4 dex in the number
densities, at least for the range of luminosities where we can compare results
from all our fields. It may well be that such scatter is reduced for fainter
sources, but our sample does not allow us to constrain that as we can only
investigate that with a single field (UDS) – see Ouchi et al. (2008). Our
results per field are also presented in Table 6.1. Our results highlight the
importance of probing multiple fields and caution the over-interpretation of
single field “over” or “under” densities, either in the context of reionization or
of structure formation.
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Figure 6.1: The Lyα luminosity function at z = 5.7 based on different fields.
For visual reference, a small offset in the luminosities (±0.02 dex) was used
to minimize overlapping of points in the figure. The arrows indicate the lu-
minosity bins for which each field has an average completeness higher than
25%. We find significant field to field variations of ±0.4 dex in number den-
sities, consistent with results from e.g. Ouchi et al. (2008). We also compare
our results per field with previous studies, finding them to be consistent with
Murayama et al. (2007) and Ouchi et al. (2008). However, by probing larger,
multiple volumes we overcome cosmic variance.
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Table 6.1: The completeness corrected number density of LAEs in the differ-
ent surveyed fields at z = 5.7.
Field Luminosity bin Number density
log10L [erg s
−1] log10Φ/dlogL [Mpc−3]
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Schechter fit (This work)
UDS+COSMOS+SA22 filter corrected (This work)
Filter corrected Schechter fit (This work)
Ouchi+2008
Our Schechter fit to Ouchi+2008
Figure 6.2: The number densities in luminosity bins from our survey in the
UDS, COSMOS and SA22 fields (red squares) and the bins from Ouchi et al.
(2008) in blue triangles. A small luminosity correction of +0.02 was applied
to our luminosity bins to correct for extended emission (this correction is
discussed in §6.3). The Schechter fits to the luminosity bins from our study
agrees very well with Ouchi et al. (2008). In green we also show the luminosity
bins from this work after we apply a filter profile bias correction (we estimate
this correction in §5.2) and the corrected LF Schechter fit. The effect of this
correction is strongest at the brightest bins.
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6.1.2 Comparison with other z = 5.7 surveys
Several surveys have published LFs of z = 5.7 LAEs, which we compare
with our results (see Figure 6.1). We compare our results with Westra et al.
(2006), Murayama et al. (2007) (COSMOS), Ouchi et al. (2008) (UDS) and
Hu et al. (2010) (SA22-deep, SSA17, A370 and GOODS-N) in Figure 6.1.
While there are some differences between our selection criteria and the ones
applied in these studies, overall we find very good agreement. Moreover, the
variance that we see from field to field (see Figure 6.1) is sufficient to explain
any subtle differences between our results per field and those in the literature.
For the COSMOS field, Murayama et al. (2007) applies a much more
conservative Σ cut (corresponding to roughly Σ > 5) which leads to missing
fainter LAEs. The different Σ cut, together with a different completeness
correction (ours is based on line-flux or luminosity, while Murayama et al.
2007 does a correction based on detection completeness) easily explains why
our fainter luminosity bin (log10LLyα = 42.9 erg s
−1) has a higher number
density, which fully agrees with our UDS and SA22 estimates, along with
those presented in Ouchi et al. (2008).
Within the errors, our results are also fully consistent with those by Ouchi
et al. (2008), at all luminosities. Our brightest bin (log10LLyα = 43.7 erg s
−1)
is populated only by our COSMOS and SA22-wide fields, as those have the
largest areas (sufficiently large to probe the bright end), but we note that
the estimates from COSMOS and SA22-wide fully agree, while we are also
in very good agreement with the results from Hu et al. (2010). SA22-deep is
both our smallest contiguous field and also the one with the highest number
densities (although generally agreeing within the errors with the other fields,
particularly given the variance seen). In the SA22-wide field we find number
densities consistent with Ouchi et al. (2008) up to log10LLyα = 43.5 erg s
−1
and a brighter bin consistent with our COSMOS number density. The bright
end of the Lyα LF seems to point towards a deviation from the Schechter
fit presented in Ouchi et al. (2008), better explained by a less accentuated
exponential drop, or by a single power-law.
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6.1.3 The combined z = 5.7 Lyα luminosity function
We combine our data from the different fields to obtain a combined Lyα
luminosity function at z = 5.7. We show the results in Figure 6.3 and Table
6.2.
We fit a Schechter function (Schechter, 1976), defined by three parame-
ters: the power-law slope α, the characteristic number density φ? and the
characteristic luminosity L?.
In Table 6.3, we present best-fit parameters of the Schechter function at
z = 5.7. We find the faint end slope α to be particularly steep: α = −2.3+0.4−0.3.
This is in very good agreement with recent results from Dressler et al. (2015)
at the same redshift who found α to be −2.35 < α < −1.95 (while we
find −2.6 < α < −1.9, 1σ). It is therefore clear that the Lyα luminosity
function is very steep just after re-ionisation and may be steeper than the
UV luminosity function at the same redshift (α ≈ −1.9; e.g. Bouwens et al.,
2015). Note that such a steep faint-end slope at z = 5.7 is already preferred
by the fit in Ouchi et al. (2008) and is consistent with theoretical expectations
(Gronke et al., 2015).
We also fit our LF by fixing the faint-end slope to α = −2.0 and α = −1.5
and allow Φ? and L? to vary. This allow our results to be directly compared
with other studies which fixed α to the same values. The results are presented
in Table 6.3.
6.2 Evolution from z = 5.7 to z ∼ 7 and be-
yond
In Section 5.5 we discuss the steps we took to obtain a comparable and
updated z = 6.6 Lyα luminosity function, based on Matthee et al. (2015).
We show the recomputed z = 6.6 Lyα LF, and a comparison with our z = 5.7
measurement in Figure 6.3. The recomputed z = 6.6 LF is fully presented in
Table 6.2.
We find that both z = 6.6 and z = 5.7 are best fit with a very steep α
of ∼ −2.3. At a fixed α, our results show a significant decline in the number
density of the more“typical”/faint Lyα emitters from z = 5.7 to z = 6.6, with
φ∗ declining by 0.5 dex. However, and in very good agreement with Matthee
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Figure 6.3: Evolution of the Lyα LF from z = 5.7 to z = 6.6. The z = 6.6
LF is our updated version from Matthee et al. (2015), see Section 5.5. The
colored regions around the best Schechter fit show the 1σ error in L∗. We
observe a strong decrease in the number density of the fainter LAEs as we
increase with redshift up to z = 6.6 and also z > 7 (Ota et al., 2010; Shibuya
et al., 2012; Konno et al., 2014). This decrease can likely be explained by
a more neutral IGM as we go deeper into the reionization epoch. However,
there seems to be no evolution for the brighter sources, which can likely be
explained by a preferential reionization around the brightest sources. There is
currently a lack of comparable surveys at z > 7 at the brightest luminosities.
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Table 6.2: The completeness and filter profile bias corrected luminosity func-
tions at z = 5.7 and z = 6.6 from this study. Note that we corrected the bins
for extended emission (see Section 6.3).
Redshift Luminosity bin Volume Observed number density Corrected number density
log10L [erg s
−1] [106 Mpc3] log10Φ/dlogL [Mpc−3] log10Φ/dlogL [Mpc−3]
z = 5.7 42.52± 0.1 0.19 -3.16+0.08−0.09 -2.63+0.16−0.17
42.72± 0.1 0.65 -3.32+0.05−0.06 -2.77+0.12−0.13
42.92± 0.1 3.09 -3.65+0.04−0.04 -3.15+0.10−0.10
43.12± 0.1 3.09 -3.89+0.05−0.05 -3.54+0.08−0.08
43.32± 0.1 6.30 -4.34+0.05−0.06 -3.91+0.09−0.10
43.52± 0.1 6.30 -4.70+0.08−0.10 -4.27+0.11−0.12
43.72± 0.1 6.30 -5.62+0.20−0.37 -5.12+0.22−0.40
z = 6.6 42.61± 0.1 0.38 -3.46+0.09−0.08 -3.18+0.08−0.09
42.81± 0.1 0.64 -3.59+0.08−0.07 -3.32+0.08−0.08
43.01± 0.1 1.07 -4.01+0.11−0.09 -3.74+0.09−0.10
43.21± 0.1 1.73 -4.42+0.14−0.11 -4.10+0.10−0.11
43.41± 0.1 1.73 -4.94+0.30−0.18 -4.60+0.14−0.16
43.61± 0.1 4.18 -5.34+0.31−0.18 -4.97+0.14−0.16
43.81± 0.1 4.18 -5.97+0.31−0.26 -5.51+0.20−0.26
Table 6.3: Parameters for the best Schechter function fits for the Lyα LFs at
z = 5.7 and z = 6.6 (recomputed Matthee et al., 2015). We allow α to vary,






z = 5.7 −2.3+0.4−0.3 43.42+0.50−0.22 -4.02+0.48−0.93
−1.5 (fix) 43.06+0.05−0.04 -3.25+0.09−0.10
−2.0 (fix) 43.25+0.09−0.06 -3.63+0.12−0.16
z = 6.6 −2.3+0.4−0.3 43.45+0.35−0.18 -4.48+0.43−0.68
−1.5 (fix) 43.12+0.04−0.03 -3.73+0.07−0.06
−2.0 (fix) 43.30+0.07−0.05 -4.13+0.10−0.10
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et al. (2015), we find little to no evolution at the bright end, with L∗ showing
no significant evolution, or only a very weak increase of ∼ 0.05−0.1 dex from
z = 5.7−6.6 (depending on α). In practice, our results show that the number
density of bright Lyα emitters (LLyα > 10
43.5 erg s−1) shows no significant
evolution from z = 5.7 to z = 6.6, confirming the results suggested in Matthee
et al. (2015). We note that while we discuss the luminosity functions in the
context of their Schechter fits, the results presented hold if we fit them with
e.g. single or double power-laws. At z = 6.6, the spectroscopic confirmation
of the sources responsible for these high Lyα luminosities is starting to reveal
their uniqueness (e.g. multi-component, very low metallicities, blue Lyα
wings, range of sizes, see e.g. Himiko, MASOSA, CR7, COLA1; Ouchi et al.,
2013; Sobral et al., 2015; Hu et al., 2016), providing important hints that may
explain how these sources have been able to likely reionize their surroundings
already at z ∼ 7. Further observations will be able to confirme a larger,
statistical sample at z ∼ 7, but our new sample at z = 5.7 is uniquely suited
to be directly compared.
Figure 6.3 also presents results from several z > 7 narrow band surveys
from the literature, which we compare with z = 6.6 and z = 5.7. The trend
that we see from z = 5.7 to z = 6.6 of significant decrease in the number
density of faint Lyα emitters seems to continue at a fast pace to z ∼ 7 and
beyond (Ota et al., 2010; Shibuya et al., 2012; Konno et al., 2014). We
provide a more detailed discussion about the differential evolution of the
Lyα as an imprint of reionization in Section 7. There is currently a lack of
comparable surveys at z > 7 at the brightest luminosities, so it is not yet
possible to test whether the lack of evolution at the bright end still holds at
z > 7.
6.3 The Lyα sizes and evolution at z = 5.7 −
6.6
Since the Lyα transition is resonant, Lyα photons scatter in a medium with
neutral hydrogen. Because of this, Lyα photons tend to escape over much
large radii than their UV and Hα counterparts, making them observable as
Lyα haloes (e.g. Rauch et al., 2008; Steidel et al., 2011; Momose et al., 2014;
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Matthee et al., 2016b). Therefore, the aperture that is used to measure
Lyα is critical (e.g. Wisotzki et al., 2016). Typically, LAE surveys have
attempted to take extended Lyα emission into account by using mag-auto
measurements (e.g. Ouchi et al., 2010; Konno et al., 2016) or relatively large
apertures (e.g. Murayama et al., 2007; Hu et al., 2010, who use 3′′ apertures at
z = 5.7). However, the total measured magnitude with mag-auto depends
on the depth of the narrow-band imaging, such that a comparison between
surveys and redshifts is challenging, particularly as Wisotzki et al. (2016)
show that Lyα extends well beyond the typical limiting surface brightness of
narrow-band surveys.
While we use fixed 2′′ apertures in similar excellent seeing conditions at
both z = 5.7 and z = 6.6 (as this allows to understand the completeness and
selection function in an optimal way; c.f. Matthee et al. 2015), we correct
for any flux missed as described in Section 5.3.
Matthee et al. (2015) found that 2′′ apertures systematically underesti-
mate Lyα luminosities at z = 6.6 (compared to the mag-auto) with a me-
dian offset of 0.11 dex over the spectroscopically confirmed sample of LAEs
(confirmed in Ouchi et al. 2010). Here we extend this analysis to the full
sample of sources at both z = 5.7 and z = 6.6. We find that the median off-
set between the mag-auto luminosity and the 2′′ aperture offset at z = 6.6
is 0.11 dex, while it is only 0.02 dex at z = 5.7; see Figure 6.4. The latter
explains why our 2′′ measurements result in very similar number densities as
literature studies with larger apertures at z = 5.7, see Fig. 6.1.
By splitting the sample of LAEs in bins of Lyα luminosity (in 2′′ aper-
tures), we find that at z = 5.7 the offset increases slightly with increasing
Lyα luminosity (see Fig. 6.4). Specifically, the most luminous LAEs have
larger Lyα haloes (and more flux at larger radii) than the typical fainter
ones. Interestingly, we find a different behaviour at z = 6.6. While the
brightest z = 6.6 Lyα seem to be as extended as those at z = 5.7 (these
are the ones that may have already been able to fully ionise the surrounding
environment), fainter Lyα emitters at z = 6.6 are all more extended than
comparable sources at z = 5.7. Together with the differential evolution of
the Lyα LF, our results provide strong evidence for reionization effects being
much stronger for the faint sources than for the bright ones. We discuss this
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Figure 6.4: The median difference in mag-auto luminosity and luminosity
within 2′′ apertures in bins of the 2′′ aperture Lyα luminosity for LAE samples
at z = 5.7 and z = 6.6. The dashed and dashed-dotted grey lines indicate
the median of all LAEs in the sample, which is obviously dominated by low
luminosity sources. At both redshifts, more centrally luminous LAEs also
have relatively more flux at larger radii (which is captured by mag-auto).
At faint central luminosities LAEs at z = 6.6 appear more extended, which
could be due to increased scattering in HI around galaxies. We note that this
may be one of the causes for the apparent evolution in the Lyα LF, and may
also be important to consider when interpreting the spectroscopic follow-up
of UV-selected galaxies with low Lyα luminosities, as slits will recover even
less of the total flux.
55
The largest Lyα narrow band survey at z = 5.7 Se´rgio Santos
trend further in Section 7.
A similar but more careful analysis of the extent of Lyα emission at z =
5.7− 6.6 than our own has been done by Momose et al. (2014), who created
stacked narrow band and broad band images of the LAEs in UDS from Ouchi
et al. (2008, 2010). They observed that Lyα is extended, being more extended
than their UV counterpart (while also being more extended than the PSF of
their images). They find evidence for an increase in the scale length of Lyα
from z = 5.7 to z = 6.6. However, they did not separate their sample in
bins of luminosity and their results are obtained with median stacking. This
means that the faintest sources dominate (as there are more faint sources than
luminous ones) and that these results are more representative of a “typical”
LAE, with LLyα ∼ 1042.6 erg s−1. The median evolution in the scale length of
Lyα haloes from LAEs estimated in Momose et al. (2014) is thus consistent
with the difference between mag-auto and 2′′ measurements that we find





As noted before, the observed Lyα luminosity at a fixed spatial scale is ex-
pected to decrease in the reionization era, as an increasingly neutral IGM
scatters Lyα photons into larger, extended haloes (e.g. Dijkstra, 2014). Our
results are consistent with witnessing such predictions directly. Here we
discuss the differences we observe in the Lyα luminosity function between
z = 5.7 and z = 6.6, and also our results on the extent of Lyα emitters at
z = 5.7 and z = 6.6. For earlier work, see e.g. Dijkstra et al. (2007), Ouchi
et al. (2010) and Hu et al. (2010).
We observe strong differential evolution of the Lyα LF from z ∼ 6 to
z ∼ 7, with a significant decrease (−0.5 dex) in the number density for Lyα
luminosities below L∗. The drop in the observability of faint LAEs may
well be explained by a larger fraction of neutral IGM at z > 6 caused by
reionization not being completed. The brightest emitters would not suffer
from such a decline because their strong Lyα emission is easier to be observed,
as previously illustrated by the simple toy model in Matthee et al. (2015).
This model assumes that the Lyα luminosity scales with the ionising output
and LAEs are only observed if they are either capable of ionising the IGM
around them, or are strongly clustered. To first order, a stronger ionising
output for brighter LAEs is expected because Lyα is a recombination line
(such that at fixed escape fraction, a higher Lyα luminosity scales with the
number of ionising photons). Also, as shown in Matthee et al. (2016a), LAEs
at z = 2.2 typically produce more ionising photons per unit UV luminosity
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than more typical galaxies such as Hα emitters (HAEs). Furthermore, as
hypothesised by Dijkstra and Gronke (2016), ISM conditions which favor
the escape of Lyα photons also likely favor the escape of Lyman continuum
(LyC) photons (for example due to a porous ISM), such that in addition to
producing more ionising photons, LAEs could also leak more ionising photons
into the IGM.
Recent evidence from Stark et al. (2016) shows that the fraction of bright
UV selected galaxies (LBGs) with strong Lyα emission is much higher than
was previously found (e.g. Schenker et al., 2014; Pentericci et al., 2014;
Schmidt et al., 2016) when they are selected on strong nebular lines (e.g.
Hβ/[Oiii]). This is likely because UV-bright galaxies are in over-dense re-
gions and emit copious amount of ionising radiation (inferred from observed
high ionization UV lines as Ciii] and their high EW optical nebular lines).
Such conditions may also favor the production of Lyα photons and lead to
larger ionised bubbles. Therefore, these observations are in principle consis-
tent with the observed evolution of the Lyα LF, where we observe reionization
completing first around luminous LAEs.
A unique benefit of narrow-band Lyα observations over (slit) spectroscopy
is that narrow-band imaging gives information on the spatial extent of Lyα
emission, which could be connected to the neutral fraction of the IGM (e.g.
Dijkstra and Loeb, 2008). As we show in Figure 6.4, we find that the median
difference between 2′′ apertures and the total magnitude (as observed with
mag-auto) is much smaller at z = 5.7 than at z = 6.6. Most interestingly,
the major difference is found at the faintest luminosities. At z = 6.6, LAEs
which have a low central luminosity have a relatively much larger total lumi-
nosity than at z = 5.7. This means that at a fixed surface brightness limit
(note that the limiting surface brightness at z = 6.6 is actually even slightly
higher), faint LAEs are more extended at z = 6.6 than at z = 5.7. For
more luminous LAEs the difference is much smaller. This effect can easily
be explained in the framework of the Matthee et al. (2015) toy-model: faint
LAEs are surrounded by a relatively more neutral IGM, such that there is
more resonant scattering leading to more extended emission.
The evolution of the Lyα LF and the extent of Lyα for different lumi-
nosities may very well be explained by a patchy reionization scenario where
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the IGM is ionised first around luminous LAEs. However, internal effects
from galaxies may also be important. Furthermore, studying the clustering
of both bright and faint LAEs and how it evolves from e.g. z = 5.7 to z = 6.6
and beyond (e.g. Mesinger, 2010; Ouchi et al., 2010) will provide the extra,
necessary constraints. A similar analysis with future larger samples of LAEs
(for example from the Hyper Suprime Cam survey) will be very useful to
confirm the observed trends.
Our results also mean that a careful approach is required in order to
interpret the observed Lyα fraction for samples of LBGs at different redshifts
in terms of a varying neutral fraction due to reionization, because different
subsets of LBGs show very different Lyα fractions. Moreover, our results
show that typical, faint Lyα emitters become more extended as we go into the
reionization epoch, with the same (or even less) flux being spread over larger
areas. This is an additional challenge for the traditional slit spectroscopy






We have constructed the largest Lyα narrow band survey at z = 5.7, when
re-ionization is close to complete. We have surveyed a total area of 7 deg2
and a volume of 6.3× 106Mpc3 at z = 5.7, covering the COSMOS, UDS and
SA22 fields. Here we summarize the main conclusions:
• By identifying strong line-emitters with a Lyman break, we find 514
LAE candidates at z = 5.7 with EW0 > 25 A˚ (EW0 ∼ 25−1000 A˚) and
luminosities ranging from 1042.5−1044 erg s−1, in a single, homogeneous
data-set.
• We find that cosmic variance plays a major role, with variations of
±0.4 dex in number densities of Lyα emitters from field to field.
• By combining all our fields and overcoming cosmic variance, we find
that the faint end slope of the z = 5.7 Lyα luminosity function is
very steep, with α = −2.3+0.4−0.3. If we fix α = −2.0, we find L? =
1043.22
+0.08
−0.05 erg s−1 and Φ? = −3.60+0.12−0.16 Mpc−3.
• We also present an updated z = 6.6 Lyα luminosity function, based on
comparable volumes, and obtained with the same methods, which we
directly compare with that at z = 5.7.
• We find significant evolution from z = 5.7 (after re-ionization) to z =
6.6 (within the epoch of re-ionization) at the faint end. We find that
the fainter the luminosity, the stronger the drop in the number density
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of Lyα emitters. The strong decrease of the number density of faint
Lyα emitters continues to z ∼ 7.
• At bright Lyα luminosities (LLyα > 1043.5 erg s−1) we find no evolution
in the number density of Lyα emitters when we enter the re-ionization
era. This is consistent with bright Lyα emitters being preferentially
observable because they already are in ionized bubbles even at z ∼ 7.
• Faint Lyα emitters at z = 6.6 show more extended haloes than those
at z = 5.7, suggesting that neutral Hydrogen plays a more important
role of scattering Lyα photons at z = 6.6.
All together, our results indicate that we are observing patchy reioniza-
tion happening first around the brightest Lyα emitters, allowing the number
densities of those sources to remain unaffected by the increase of neutral Hy-
drogen from z ∼ 5 to z ∼ 7. We observe a preferential evolution of the faint
end of the Lyα LF from z = 5.7 to z = 6.6. There is a decrease in the faint
end while the bright end shows little to no evolution. We also observe no
evolution in the sizes of the brighter emitters, which could be interpreted as
showing no evidence of extra scattering around them from z = 5.7 to z = 6.6,
while faint sources show a significant difference, presenting much more flux at
larger radii. The spectroscopic confirmation of relatively bright Lyα emitters
beyond z ∼ 7 and approaching z ∼ 9 (Oesch et al., 2015; Zitrin et al., 2015)
may already be hinting that our results may hold to even higher redshifts.
The nature and diversity of bright Lyα sources at z = 6.6, which we find
to have essentially the same number density as those at z = 5.7, are starting
to be unveiled. Spectroscopic follow up (e.g. Ouchi et al., 2013; Sobral et al.,
2015; Zabl et al., 2015; Hu et al., 2016), detailed modelling (e.g. Hartwig et al.,
2015; Dijkstra et al., 2016; Agarwal et al., 2016; Visbal et al., 2016; Smidt
et al., 2016; Smith et al., 2016) and other observations with HST and ALMA
(Ouchi et al., 2013; Sobral et al., 2015; Schaerer et al., 2015; Bowler et al.,
2016) are revealing a surprising diversity. Current results indicate that these
sources may have a range of powering sources (from metal poor populations
to multiple stellar populations and also AGN, including potentially direct
collapse black holes). Regardless of their nature, their observability requires
the production and emission of the necessary amount of ionising LyC photons
62
Chapter 8. Conclusions
capable of ionising a large enough local bubble to make them observable as
bright Lyα sources already at z = 6.6. Thus, even though these sources are
not as abundant as the more typical, faint sources, they may well play an
important role in cosmic reionization, at least at very early stages, a scenario
which would be in agreement with what is seen by Matthee et al. (2016a).
Further observations of our sample of bright z = 5.7 sources and of much
larger, statistical samples at z ∼ 5 − 7 will certainly shed light over many
of the current open questions, while the availability of JWST will provide a
revolutionary window into the physical conditions within these sources.
8.1 Future work
Extensive follow-up work can be carried out from the study in this disserta-
tion.
The obvious first step is to study in detail the large sample of LAEs
that we have selected at z = 5.7 and z = 6.6. We are currently conduct-
ing spectroscopic follow-up observations of our sources and we have already
confirmed two new extremely luminous sources, one at each redshift. More-
over, HST time has already been granted to follow up our brightest targets,
with observations being taken early next year. This will give extremely valu-
able insight in the properties of this sources, such as equivalent width and
extended emission.
The next step is to expand our searches, both in area (with e.g. the
new Hyper Suprime-Cam instrument from the Subaru Telescope) and more
redshift slices (wide narrow band surveys have not been conducted with all
the narrow band filters shown in 2.1). Wide areas reduce cosmic variance
and allow us to find the brightest (also rarer) sources. Additional redshift
slices allow us to more efficiently probe the evolution of LAEs across cosmic
time. We have already been granted 44 hours to conduct a wide z = 7.7 Lyα
pilot study (over COSMOS) with the HAWK-I instrument from the VLT.
With our collection of extremely bright sources, we can effectively con-
strain how deep surveys need to be in order to detect such sources. This
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Hydrogen (H) is the first chemical element of the periodic table. It is the most
abundant element of the Universe and was first formed at the time of the
Big Bang. Large amounts of hydrogen reside in both the ISM (Inter-stellar
medium) and IGM (Inter-galactic medium), which greatly influences how
radiation in galaxies is emitted and what escapes. It is essential to understand
this element - in particular the key mechanisms behind the production of
emission lines - in order to have a clearer image on how galaxies form and
evolve.
An atom of hydrogen is composed by a positive nucleus (one proton and
one neutron) and one electron which orbits around the nucleus. According
to the Bohr model of the atom, the electron can occupy orbits with well
defined energetic values. Each orbit is defined by a principal quantum number
(n = 1, 2, 3, ...), with n = 1 being the ground-state. If the atom absorbs
energy (e.g. in form of radiation), the electron will transit to a higher orbital
number. When the electron returns to the ground-state, it will emit energy
in the form of radiation.






Where h is the Planck constant and c the speed of light.
As the orbits have well defined energies, this radiation will be emitted
at specific wavelengths given by the value of the initial (ni) and final (nf )
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Figure A.1: Illustration of some recombination lines from the hydrogen atom.
Hα and Lyα are some of the most common transitions, resulting in strong
lines.
orbits. This emission at specific wavelengths is known as an emission line.
The wavelength of the radiation emitted for each transition can be calculated











Where RH = 1.10 × 107 m−1 is the Rydberg constant for the hydrogen
atom.
Lyman series is the set of transitions from ni ≥ 2 to the ground-state,
nf = 1. In Figure A.1 we show some transitions from the Lyman series.
For each hydrogen series, the transitions are named with greek letters, start-
ing with the lowest energy transition (e.g. Lyman-α) and followed by the
subsequently more energetic transitions (e.g. Lyman-β, Lyman-γ, ...).
The lowest energy transition from the Lyman series, Lyman-α (transition
of the electron from n = 2 to n = 1), results in the emission of radiation with
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Appendix A. Lyman series
λ = 1215.67 A˚ (rest-frame UV). Lyman-α is the most common transition
as electrons usually do not directly drop from a high energy orbit to the
ground-state. Instead, there is typically a sequence of low energy transitions
that ends with a final passage from n = 2 to n = 1. This makes Lyman-
α intrinsically one of the strongest recombination lines in the spectra of a
star-forming galaxy. This line is the focus of our study.
The energy of the emitted radiation increases with ni. The upper limit,
know as the Lyman limit, corresponds to ni = ∞, which translates to λ =
912 A˚. This is the energy necessary to strip an electron from the atom by
photoelectric effect. Radiation more energetic than 912 A˚ will thus ionize
hydrogen atoms.
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